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Pausing for Thought on the Minireview
Boundaries of Imprinting
imprinted expression of most, though not all, known
imprinted genes (reviewed in Tilghman, 1999). Differen-
tially methylated regions have also been consistently
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correlated with imprinted loci. On mouse chromosomeUnited Kingdom
7, the region upstream of H19 (the imprinting control
region—ICR) is methylated only on the paternally de-
rived allele. It is now clear that the ICR orchestrates the
All chromosomes are not created equal. Large chromo- reciprocal and imprinted expression of H19 and Igf2
somal regions, or even whole chromosomes, can carry a by acting as a methylation-sensitive boundary element
mark (imprint) that reflects their parental origin. Imprints (Figure 1). On the maternally derived chromosome, the
modify genetic information allowing transmission of dif- ubiquitous transcriptional regulator CTCF is able to bind
ferent heritable states through multiple cell divisions. In to CpG-rich recognition sites within the ICR (Kanduri et
mammals, imprints can manifest as differential expres- al., 2000). CTCF bound at this site acts as an insulator—
sion of paternally and maternally derived genes. Imprints preventing the Igf2 promoter from “seeing” an enhancer
must be established differentially during gametogenesis located downstream of H19 and leaving H19 free to
in sperm and oocyte, then be stably maintained through use the enhancer to stimulate transcription (Bell and
multiple rounds of cell division in the zygote. Finally Felsenfeld, 2000; Hark et al., 2000). CTCF binding, and
imprints are erased and reset in the germline. The first hence boundary function, is blocked by methylation at
solid molecular basis for understanding imprinted gene the paternally derived ICR. On these chromosomes, ex-
expression has come from studying the linked and recip- pression from Igf2 appears to be enhanced at the ex-
pense of H19, perhaps through higher affinity of the Igf2rocally imprinted mouse Igf2 and H19 genes. Igf2/H19
promoter for the enhancer. Thus, differential methylationare located within an extensive imprinted region on
and CTCF binding of the ICR could be sufficient to ex-mouse chromosome 7. The behavior of other genes in
plain how the imprint might be established and trans-this region (or its region of conserved synteny in hu-
lated into transcriptional differences between Igf2 andmans—11p15.5) suggests that in general it is the pater-
H19. But is it necessary for long-term maintenance/nally derived regions that are transcriptionally silenced.
propagation of these states?Several recent papers provide evidence that parent of
So Does the Boundary Then Have a Limited Role?origin–specific DNA methylation modulates the forma-
Srivastava et al. (2000) addressed this question by con-tion of a boundary element between Igf2 and H19 that
ditional deletion of the ICR using loxP/cre. Althoughis pivotal to their reciprocal expression (Bell and Felsen-
paternal methylation at the H19 locus is initially re-feld, 2000; Hark et al., 2000; Kanduri et al., 2000; Srivas-
stricted to the ICR, it then spreads to encompass thetava et al., 2000). However, methylation does not appear
H19 promoter and the body of the gene during em-to be required for the imprinted expression of all the
bryogenesis. Because methylation can recruit com-genes in the region (reviewed in Tilghman, 1999). In
plexes that silence chromatin (such as histone deacety-addition, regions distant from Igf2 can also modulate its
lases), a more general silenced chromatin state mightimprinted expression in humans suggesting that more
spread over the paternally derived H19 gene during de-long-range mechanisms are at play (reviewed in Sleutels
velopment. Indeed, whilst deletion of the paternal ICRet al., 2000).
in the gamete or early zygote activates H19 in cis, dele-In simpler eukaryotes there are also instances in which
tion in terminally differentiated muscle cells results inchromosomal marks are established at a locus, and then
an H19 gene that is still methylated over its promoterpropagated faithfully to daughter cells. Fission yeast
and still silent. Deletion of the maternally derived ICRare programmed to switch mating type with a recurring
at the same stage activates the linked Igf2 allele, consis-pattern so that only one in four grand-daughter cells
tent with removal of the boundary element.swap Plus for Minus mating type information or vice versa.
Propagating Epigenetic States in the AbsenceIn this issue of Cell, Dalgaard and Klar (2000) demon-
of the Initial Stimulusstrate that the imprint that determines this switching is
One important caveat of the experiment just described isimposed by the direction of replication and by a replica-
that, because the ICR deletion was induced in terminallytion pause site. In this minireview we consider whether
differentiated cells, it is not proven that the repressedthis, and other epigenetic phenomena in which chromo-
state of the paternal H19 allele can still be propagatedsomal domains are heritably repressed (silenced), might
through cell division (i.e., remain silenced). In this regard,have elements in common with the mechanisms used
the requirement for XIST in X inactivation provides anto establish or propagate imprinting in mammals.
analogous example. XIST expression and coating of theA Methylation-Sensitive Boundary Element X chromosome with XIST RNA is the event which initi-
Imposes Mutually Exclusive Igf2 ates X chromosome inactivation in the somatic cells
and H19 Expression of female mammals (characterized by late replication,
A usual suspect for epigenetic modification in mammals histone hypoacetylation, methylation of CpG islands,
is CpG methylation. The regulated activity of DNA meth- and repression of many genes on the inactivated chro-
yltransferase 1 (Dnmt1) during male and female gameto- mosome). However, genes can remain silenced on X
genesis places it at the scene of the crime, and mutating chromosomes that have been inactivated but that have
Dnmt1 in mouse embryonic stem cells abolishes the subsequently lost XIST (Brown and Willard, 1994).
In organisms lacking DNA methylation there are also
clear examples where silent or active chromatin states* E-mail: robin.allshire@hgu.mrc.ac.uk
Cell
706
Figure 1. A Boundary Element ICR Controls the Imprinted and Re-
ciprocal Expression of Igf2 and H19 Genes
On the maternally derived chromosome (pink) CTCF binds to recog-
nition sites within the imprinting control region (ICR). Here it func-
tions as an insulator (brick wall) to prevent the Igf2 promoter from
utilizing an enhancer (E) located beyond H19. Hence the maternally
inherited copy of Igf2 is silent (filled in gray). On the paternally
derived chromosome (blue) the ICR is methylated (filled lollipops).
This prevents CTCF binding and so allows Igf2 access to the en-
hancer. Methylation later spreads across the silent H19 gene. How-
ever the boundary element cannot directly control expression of all Figure 2. Propagating Different Chromatin States during Replica-
the other imprinted genes within this cluster on mouse chromosome tion at Early or Late Stages of S Phase
7. Neither (as reviewed by Tilghman, 1999) does methylation seem
Chromatin in which nucleosomes are hyperacetylated (white cylin-to be involved in the imprinting of all the genes (e.g., Mash2).
ders) is often replicated early in S phase. New histones are loaded
onto chromatin during S phase in a diacetylated form (light gray
shading). Hemimethylated CpGs (red1white lollipops) are fully
can be propagated after removal of the original signal methylated (all-red lollipops) by DNMT1, which is present at replica-
that established them. These might have instructive par- tion foci and associates with PCNA.
In contrast, chromatin that is hypoacetylated (darkly shaded cylin-allels with mechanisms that can propagate imprints in
ders) is often replicated during late S phase. The DNMT1 that ismammalian cells. In Drosophila, cellular memory mod-
present at replication foci during late S is associated with a histoneules (CMMs) from the bithorax complex switch into re-
deacetylase (HDAC2) so that as the newly formed chromatin is re-pressive or activating modes that are then heritable
methylated, acetyl groups present on the new histones can be re-through both mitosis and meiosis. A transient pulse of
moved, thus regenerating hypoacetylated chromatin on both sister
a transcriptional activator targeted to a CMM during chromatids.
embryogenesis (but not at later stages of development)
can result in an active chromatin state that is heritable
long after the activator has departed. The active state Epigenetic regulation involving Swi6 and histone
acetylation also contributes to the formation of repres-is correlated with hyperacetylation of histone H4 (Cavalli
and Paro, 1999). sive chromatin at fission yeast centromeres. Expression
from genes placed within the centromeric domain canIn Schizosaccharomyces pombe (fission yeast) crip-
pling the cis acting elements required for silencing the be induced by transient exposure to Trichostatin A
(TSA), a histone deacetylase inhibitor. Both the elevatedmat2/3 locus leads to variegated ON/OFF expression from
the locus. In diploids, ON and OFF alleles can coexist for levels of histone acetylation and the resulting defects in
centromere function can be propagated through mitosisat least 30 generations and even persist through meiosis
(for reference see Nakayama et al., 2000). A transient and meiosis after TSA has been removed (Ekwall et al.,
1997).increase in the dose of the chromodomain protein Swi6
(a homolog of heterochromatin protein 1, HP1) can Propagation of silent or active states after the initial
stimulus has been removed must lie in the ability of theswitch an ON allele to an OFF state that can then be stably
propagated through both mitosis and meiosis without replication and chromatin assembly machinery to read
and accurately copy the local chromatin landscape. Inthe need for this additional Swi6 (Nakayama et al., 2000).
The Swi6-mediated reimposition of silencing is accom- the case of DNA methylation, this is easily explained by
the activity of maintenance methylases that recognizepanied by histone hypoacetylation at mat2/3. Swi6 local-
ization at all known heterochromatin sites in fission yeast hemimethylated DNA. However, most of the examples
cited above occur in organisms that lack DNA methyl-is dependent on Clr4 (Partridge et al., 2000). Increasing
the dosage of Clr4 also results in increased repression ation. A recurring theme in these studies is the link be-
tween histone hypoacetylation and the silent state.of the crippled mat2/3 locus. Recently the SET domains
of Clr4 and the homologous mammalian Suvar39 have Replicating the Chromatin Landscape
A clear opportunity is presented at zygote formation tobeen shown to methylate lysine 9 of histone H3 (Rea et
al., 2000). One possible model is that Clr4 recruits Swi6 lay down different states on paternally and maternally
inherited chromatin. During spermatogenesis there isand its histone methylase activity also prepares the
neighboring chromatin for the spreading of Swi6 and large-scale replacement of histones with protamines.
Paternal chromatin must therefore be extensively re-associated factors (Partridge et al., 2000). In wild-type
fission yeast, the mat2/3 locus is maintained in perpetual modeled at this most basic level in the zygote. This
could act as a trigger for subsequent epigenetic changessilence but, at the crippled mat2/3, recruitment of these
silencing factors is weakened. Increasing their dose thus that allow a lasting distinction between paternally and
maternally inherited chromatin when the nuclei fuse.bolsters repression.
Minireview
707
Figure 3. Imparting an Imprint at Fission
Yeast mat1 via Replication Pausing and Ter-
mination
(a) RTS (STOP) acts to block forks entering
mat1-P (containing Plus information) from the
centromeric side. Therefore, mat1 is repli-
cated by a fork from the telomeric side so
that its imprinted strand (bottom) is always
replicated by lagging strand synthesis.
(b) The mat1 pause site (yellow box) ensures
an imprint (blue star) is laid down in same
region of the new strand (red) by lagging
strand synthesis.
(c) During the next S phase when the replica-
tion fork encounters the imprint, a transient
double-strand break (DSB; break in two red
strand chromatid) is created which stimulates
recombination with the silent mat3-M cas-
sette (z30 kb distal to mat1). This results in
the transfer of Minus information (hatched) to
the active mat1 cassette and completes a P
to M mating type switch in 1 of 4 grand-
daughter cells. This replication-coupled recombination results in sealing of all strands thus erasing the imprint which can only be reimposed
again by lagging strand synthesis of the bottom mat1-M strand. Note the sister cell (black/red chromatid) is primed to switch in S of the next
cell cycle as is the cousin cell (blue/blue chromatid) again following the 1 in 4 rule.
The replication and chromatin assembly machinery (see figure 1 of Dalgaard and Klar, 2000 in this issue of
Cell). The data are consistent with a strand segregationmust have a role in propagating established chromatin
states. Several proteins required for the assembly and model in which a chromosomal mark appears during
the first S phase and then serves to distinguish the DNAmodification of new chromatin are coupled to replication
via PCNA. Thus, once the silent state has been estab- strands at mat1 and prepare one chromatid for switching
in the next division when the information transfer occurs.lished, factors such as Dnmt1, histone deacetylases
(HDACs), and HP1 are close at hand to modify or to What is the nature of this imprint and how is it set up
and recognized?be deposited onto newly synthesized chromatin and
propagate the state (reviewed in Verreault, 2000). The region around mat1 is fragile due to a site- and
strand-specific modification. This modification is alkali-Many regions of histone hypoacetylation have been
shown to replicate during late stages of S phase. This labile and gives rise to a single-strand break (mechanical
shearing of DNA converts this to a double-strand break).might provide a temporal or spatial window for chroma-
tin maturation in which newly assembled chromatin is How can one strand be marked in such a precise man-
ner? The mechanism of switching is clearly influenceddeacetylated. A recent biochemical link between meth-
ylation, replication time, and histone acetylation is by replication: mutations in the gene encoding DNA
polymerase a affect the efficiency of switching, and theforged by the recruitment of the deacetylase HDAC2 to
chromatin at late replicating foci via Dnmt1 (Rountree switching event itself occurs during S phase by a replica-
tion-coupled recombination process (Arcangioli and deet al., 2000; see Figure 2). In turn, the presence of under-
acetylated histones may be a signal for replication dur- Lahondes, 2000).
Dalgaard and Klar (1999) proposed that the stranding later stages of S in the next cell cycle.
It is not clear whether such a cycle of events could specificity of the mark might be imposed by particular
properties associated with lagging- or leading-strandmaintain imprints. Many imprinted regions in mammals
show asynchronous replication between the maternal DNA replication. The direction of replication into mat1
was shown to be important. A fork moving in from theand paternal alleles. For Igf2, it is indeed the earlier
replicating paternal allele that is expressed, and inhib- telomeric side usually replicates the mat1 gene. In-
verting mat1 abolishes both the strand break and theiting histone deacetylation with TSA both activates ex-
pression of the maternally derived allele and advances ability to switch. Conversely, if an origin is placed close
to mat1 on the centromeric side, fewer cells developits replication timing (Bickmore and Carothers, 1995;
Pedone et al., 1999). However, for H19 the later replicat- the break at mat1 and these cells switch less efficiently.
Providing a replication origin on the centromeric sideing (maternal) allele is the active one, and it is hyperacet-
ylated relative to its silent, yet earlier replicating paternal of inverted mat1 partially restores both the break and
switching ability. The authors suggest that the alkali-copy—at least in the first exon.
Direction of Replication Can Establish Imprints labile imprint might represent an RNA primer remaining
after lagging strand synthesis. Replication through mat1The mechanics of DNA replication can directly lead to
establishment of an imprint in some systems. In fission from the telomeric side was found to generate a strong
replication pause at the imprinting site (termed MPS1—yeast, lagging-strand DNA synthesis plays a specific
role in a chromosome-marking event. A rigid develop- mat1 pause site). It is now clear (Dalgaard and Klar, 2000)
that MPS1 is dependent on the direction of replication ofmental program ensures that only one in four grand-
daughter cells switch mating type and that the sister of mat1, as pausing at inverted mat1 is greatly reduced.
This overt pause of replication fork progression ata switched cell switches in the next division. Switching
involves replacing information residing at mat1 with in- a particular position might be required for the precise
positioning of an RNA primer remnant left over fromformation copied from the silent mat2 or mat3 cassettes
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lagging strand synthesis. An additional element that is Suvar39 or Polycomb recruited? Although not discussed
also required to set up this imprint is a replication termi- here, do noncoding RNAs play a role in the imprinting
nation site (RTS). The RTS blocks the entry of replication mechanism (Sleutels et al., 2000)? The boundaries are
forks from the centromeric side of mat1 (Figure 3). Mov- limitless!!
ing this RTS to the telomeric side of mat1 results in
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Verreault, A. (2000). Genes Dev. 14, 1430–1438.In the different systems discussed, there are clearly dis-
tinct and highly specialized mechanisms that allow dif-
ferential marking of chromosomes. Imprinting in mam-
malian cells requires that all copies of a chromosome
in male or female gametes are marked in exactly the
same manner. Thus, mechanisms which utilize an asym-
metric mark laid down during lagging strand synthesis
are not applicable. However, such studies remind us
not to be insular and to look beyond the normal bound-
aries for signals that contribute to the establishment or
maintenance of chromosomal imprints. There are some
conceptual similarities between the H19/Igf2 and the
mat1 imprinting mechanisms. Both involve a physical
boundary that functions in cis—one to block interaction
between a promoter and enhancer, and the other to
block progress of the replication machinery. Impor-
tantly, the studies in fission yeast focus attention on
the replication and chromatin assembly machinery as
potential mediators and interpreters of chromosomal
marks.
A number of questions remain to be answered with
respect to the silent imprinted alleles on mammalian
chromosomes: It still remains to be determined how
imprints are established at a particular region. Is methyl-
ation the primary signal and, if so, what determines
where it is placed? Why are imprinted genes clustered
and how is imprinting of these large chromosomal do-
mains regulated/coordinated? Are silent alleles, like het-
erochromatic domains, assembled in hypoacetylated
chromatin and are known silencing factors such as HP1/
